Pesticide contamination resulting from agricultural runoff depends on the time period between application and rainfall.
Introduction
Runoff is regarded as an important route of entry of non-point source pollutants in surface waters in agricultural areas (Cooper, 1993) . Runoff occurs during the rainy season, which lasts from April to December in the Western Cape. Runoff-related input usually leads to an increase of water level, nutrients and total suspended solids (TSS); pesticides may enter the surface water as either water-dissolved or particle-associated chemicals (Wauchope, 1978) .
Pesticide quantities that enter surface waters via runoff are dependent on a number of factors, including the time interval between the application of pesticides and the first heavy rainfall event, the slope and soil types of the catchment, the pesticide application, and the size and characteristics of buffer strips (Wauchope, 1978) . Thus, in the context of the Western Cape, a very important period with regard to determining runoff-related contamination is in April, when the first heavy rains normally fall after the end of the spraying season in late February.
Only a few studies deal with pesticide levels in aquatic systems in South Africa: farm dams (Davies and Peall, 1997; Hassett et al., 1987) , lakes (Greichus et al., 1977) or river ecosystems (Grobler, 1994; Roux et al., 1994) . None of these studies has attempted to establish a direct link between chemicals currently used in agriculture and contamination of the aquatic environment. Moreover, they have not addressed the problem of runoff as a potential route of entry into freshwater ecosystems. A factor that has contributed to the lack of research is the shortage of laboratories with the equipment and expertise to carry out complex analyses (Dallas and Day, 1993) . The transient nature of pesticide peak levels in streams (Kreuger, 1995; Schulz et al., 1998 ) adds a further problem to the monitoring of pollution, since the sampling programme must be well-adapted to cover the short periods with peak contamination. During recent decades a deterioration in water quality in Western Cape rivers has been observed. This shift has also occurred in the middle and lower reaches of the Lourens River, and is attributed to intensified agriculture, erosion problems and loss of indigenous vegetation (Tharme et al., 1997) . No information is available about the extent to which toxic substances are responsible for the degradation of the Lourens River.
The aim of this study was to determine the extent to which pesticides, phosphates and suspended solids from the surrounding orchard areas contaminated a typical Western Cape stream. Runoffrelated input following the first rainfall events of the wet season was investigated. Pesticide concentrations were compared to standard toxicity values, to determine whether there might be any potential threat to the aquatic communities in the Lourens River.
Materials and methods

Study area
The Lourens River rises at an altitude of 1080 m in a naturally vegetated fynbos area and flows in a southwesterly direction for 20 km before discharging into False Bay at The Strand (S34°06´; E18°48´). The catchment region is characterised by intensive farming, with orchards and vineyards in its middle reaches. The Lourens River has a total catchment area of 92 km 2 and receives an annual mean rainfall of 915 mm. Roughly 87% of its 35x10 6 m 3 mean annual discharge occurs during the autumn, winter and early spring months between April and October (Tharme et al., 1997) , as is characteristic of the region's Mediterranean climate. The main soil type is silty loam and the slopes in the catchment vary between <2% in the area near the river and <8% in the upstream stretches of the river and some of the tributaries. Pesticides are applied to orchards between August and February before the harvesting of fruit, consisting mainly of pears, plums and apples (total growing area: 4 km 2 ). The active ingredients of pesticides applied in the orchards and analysed in this study include the insecticides endosulfan, chlorpyrifos and azinphos-methyl (Table 1) . Chlorpyrifos and azinphos-methyl were applied frequently between October and February to pears and plums, up to approximately one application every two weeks in each single plot. Endosulfan is applied mainly to apple orchards.
Sampling sites and rainfall event characteristics
The sampling area stretched over almost 6 km of the Lourens River. The orchard plots are separated from the Lourens River itself by a strip of vegetation (eucalyptus trees, shrubs and grass) between 15 m and 40 m in width, making direct input of edge-of-field runoff into the river highly improbable (Table 2 ). In contrast, most of the tributaries are at least in some stretches directly adjacent to orchard plots (distance: approx. 5 m) and may therefore present potential routes of entry. Six sampling sites in the Lourens River were selected for measurement of TSS, total phosphate, aqueous and particle-associated pesticide levels. Site R1 was assumed to be uncontaminated, owing to the lack of any agricultural activity on the banks upstream of this site. The remaining Sites R2 to R6 were expected to be contaminated with sediments, nutrients and pesticides from the orchards.
The last pesticide application in the study area had taken place at the end of February. The first runoff-inducing rainfall event with 9.6 mm/d was on 15 April and was followed by other events on 18, 19 and 21 April (Fig. 1) .
Sampling programme
Water samples were collected prior to any rain-induced runoff on 2 April 1999 to provide an indication of the level of contamination present in the river system after the spraying programme had been completed and before any runoff events had taken place. Water samples were collected in 3 l glass jars. Samples representing the contamination levels during runoff were collected in glass bottles (3 l) set into the stream or river with the opening of the bottle approximately 3 cm above the normal water level. During rainfallinduced surface runoff, the rising water level filled the bottles passively. A small glass pipe (Pasteur pipette with the tip broken off) was tied in the opening of the bottle, using synthetic nylon. This (Dortland, 1980; Johnson and Finley, 1980; Lemke, 1981; USEPA, 1986 ; Van der Hoeven and Gerritsen, 1997). enabled a free flow of water into the bottle while air could flow out via the glass pipe. Water samples (500 to 900 ml) were solid-phase extracted (SPE) using C18 columns (Chromabond) which had previously been prepared with 6 ml methanol and then 6 ml water. The columns were air-dried for 30 min and kept at -18°C until analysed. Samples for determining pesticides associated with suspended sediments were obtained using a suspended sediment sampler (Liess et al., 1996) , which consisted of a plastic jar (500 ml) with a screw-on lid containing a hole (2 cm in diameter). An open glass jar was placed into this plastic jar directly beneath the hole in the lid. Each sampler was attached to a metal stake, which was driven into the river bed. This system supplies samples representing integrated values for the pesticide contamination of suspended particles, which are often highly contaminated because of the low water solubility of many pesticides. Turbidity was measured using a turbidity meter (Dr. Lange, Duesseldorf). To calibrate the turbidity measurements as described by Gippel (1995) , certain samples were filtered through pre-weighed Whatman GF/F (0.45-µm pore size) glass microfibre filters and dried at 60°C for 48 h. The filter paper was re-weighed to determine TSS (total suspended solids). Total phosphate levels were measured photometrically after disintegration using the total-phosphate kit of Dr. Lange, Duesseldorf. Discharge was calculated by means of standard formulas using velocity measurements along cross-sectional profiles. Measurements were done before runoff occurred on 2 April and during runoff on 15 April in order to calculate contaminant loads.
Pesticide extraction and analysis
Suspended sediment samples were placed in 250-ml polypropylene bottles and centrifuged. The supernatant water was discarded and 50 ml methanol was added. The bottles containing sediment and methanol were shaken until the contents were well mixed, placed in an ultrasonic bath for 30 min and then centrifuged. The supernatant methanol was filtered through glass fibre filter paper into 500 ml measuring cylinders. Another 50 ml of methanol was added to the sediment and the samples were again mixed well, placed in the ultrasonic bath and centrifuged. The two methanol extracts from each sample were pooled and made up to 350 ml with pure water. A 50-ml aliquot of the extract was passed through a C18 column.
The pesticides were eluted with 2 ml hexane and then 2 ml dichloromethane. These extracts were dried in a stream of nitrogen and then dissolved in 1 ml hexane. The extracted sediments were transferred into previously weighed beakers and dried at 150 ºC. Concentrations for sediments were expressed as µg/kg dry mass (dm). Water samples were eluted from defrosted SPE columns and then dissolved in 0.5 ml hexane.
Hexane solutions of water samples were analyzed using gas chromatograph/electron-capture/nitrogen-phosphorous detector (GC/ECD/NPD), 63 Ni ECD temperature: 300 °C with nitrogen as make up gas, NPD temperature: 300°C. The gas chromatograph HP 5890 (Series II; Hewlett-Packard) was equipped with an HP 7673 autosampler (Hewlett-Packard) and a split/splitless injector and capillary column, HP 5 (15 m length, 0.32 mm i.d., 0.25 µm film thickness; HP) and with nitrogen as carrier gas (1.1 ml min -1 ), temperature programmes: 170 °C (1 min) 20 °C min -1 300 °C (1 min), 5 µl was injected with the splitter closed for 0.75 min. Measurements were confirmed using a gas chromatograph/flamephotometric detector (GC/FPD), FPD temperature: 250 °C. The gas chromatograph HP 5890 (Series II; Hewlett-Packard) was equipped with an HP 7673 autosampler (Hewlett-Packard) and a split/splitless injector and capillary column, DB 210 (30 m length, 0.32 mm i.d., 0.25 µm film thickness; J&W) and with nitrogen as carrier gas (1 ml min -1 ), temperature programmes: 150 °C (0.5 min)¨30°C min -1¨2 10 °C¨(1 min)¨30°C min -1¨2 40°C( 1 min), 5 µl was injected with the splitter closed for 1 min.
Identity of the pesticides was established by asking farmers which pesticides they had used and then confirming the identity by matching retention times on 3 different stationary phases in the case of the organophosphates and two stationary phases for the organochlorines. Method validation was conducted on water matrices that had been assayed and were known to have no detectable levels of the investigated pesticides. The validation consisted of spiking water at 8 spiking levels over the range of concentrations found in the actual samples. Overall mean recoveries were between 79% and 106%. For quality control, a matrix blank was analysed with each extraction set. The investigated pesticides were never detected in matrix blanks. The following detection limits were obtained for water and suspended sediments: 0.01 µg/l and 0.1 µg/kg dm. 
Results
Pesticide concentrations and loads
Pesticides that were identified in the water samples included endosulfan, chlorpyrifos and azinphos-methyl (Table 2) . Endosulfan was present in many pre-runoff samples at concentrations of up to 0.06 µg/l. The runoff sample from Site R6 contained a total endosulfan concentration of 0.16 µg/l. Most of the total endosulfan can be attributed to the metabolite endosulfan sulphate; the only site with relatively high levels of the α-or β-isomer was R6. Azinphos-methyl was detected during pre-runoff only at Site R6 at a concentration of 0.07 µg/l. Levels of azinphos-methyl were increased during runoff at Sites R2 and R6, to 0.38-and 0.26-µg/l, respectively. Water samples taken during rainfall events after the 15th of April at Sites R3, R4 and R6 never contained any pesticides. Suspended sediment samples were taken throughout runoff conditions and the first samples, taken during the first rainfall after the pesticide application period, generally showed considerably higher concentrations of pesticides than those taken during subsequent runoff events (Table 3 ). The highest endosulfan concentration, 245 µg/kg, was detected at Site R6. Most of the total endosulfan was again attributed to endosulfan sulphate. However, the isomers were present at increased levels at R5 and R6. Chlorpyrifos was found in high concentrations of up to 344 µg/kg in suspended sediments at Sites R2 to R6. Particle-associated azinphos-methyl was detected at Sites R2, R3, R5 and R6. Site R6 revealed a high concentration of 245 µg/kg.
The Lourens River Site R1 was the only site that did not show an increase in pesticide concentrations during runoff conditions. At the most downstream Lourens River Site R6 high levels of endosulfan, chlorpyrifos and azinphos-methyl were observed during runoff conditions. Discharge at Site R6 was 0.3 m 3 /s before runoff on 2 April and 15 m 3 /s during runoff on 15 April. The peak discharge during runoff remained at this level for approximately 1 h. Aqueous pesticide load for Site R6 was calculated by multiplying the simultaneously measured peak pesticide concentration by the peak discharge. Particle-associated pesticide load was calculated in the same way including the TSS concentrations. Chlorpyrifos load was higher in the suspended sediment-associated form (1.8 g/h) than in the water phase (0 g/h), while it was the opposite for azinphos-methyl (6.5 and 14 g/h) and total endosulfan (6.5 and 8.6 g/h, respectively).
Total phosphate and total suspended solids (TSS)
Total phosphate levels were between 0.13 and 0.22 mg/l before runoff (Table 4) . During runoff, total phosphate remained in the same range at Sites R1 to R3, but increased at Sites R4 to R6. Levels during runoff depicted a successive increase from Sites R2 to R6. During runoff, the TSS levels increased considerably at all sites relative to the pre-runoff conditions (Table 4) . During normal flow conditions before runoff, all of the sites had TSS levels of less than 10 mg/l. Apart from Sites R1 and R4, the TSS levels increased during runoff to levels higher than 100 mg/l, with the highest values being measured at Sites R5 and R6.
Discussion
The present results clearly indicate that agricultural runoff is an important route of pesticide, phosphate and suspended sediment input into the Lourens River. This is evident from the fact that pollution increased considerably during runoff in comparison to pre-runoff conditions. Furthermore, no contamination was detected at the river Site R1 upstream of the farming area. Transient Baughman et al., 1989; Kreuger, 1995; Schulz and Liess, 1999) . However, information on levels of current-use insecticides in South African surface waters is sparse (Davies and Day, 1998).
The suspended particle samples revealed that at almost all of the sites where pesticides were detected, the total pesticide concentrations were higher during the first runoff event than during the second. The same trend is obvious from the water samples taken at Site R6, showing a certain contamination during the first runoff event on 15 April, but no detectable contamination during the second runoff event, which occurred only three days later. These results support those of Domagalski et al. (1997) , highlighting the fact that the first runoff event after a long, dry period results in the highest pesticide input. Endosulfan levels found in the present study were comparable to values reported for other aquatic ecosystems receiving agricultural runoff (Miles and Harris, 1971; Kreuger and Brink, 1988; Scott et al., 1999) . The levels detected in water samples on 2 April are regarded as background contamination in this agriculturally used catchment. All sites yielded endosulfan levels higher than the target water quality range of 0.01 µg/l, as proposed by the South African Department of Water Affairs and Forestry (DWAF, 1996) . Of particular concern is the finding that levels during runoff almost reached the acute effect value of 0.2 µg/l (DWAF, 1996) . Both isomers of endosulfan, as well as the breakdown product (endosulfan sulphate), are highly toxic towards aquatic organisms, particularly fish (Table 1; Goebel et al., 1982) ). The level of endosulfan found at Site R6 was above the 10 d LC 50 found for the mayfly species Jappa kutera (Leonard et al., 2000) . With respect to particleassociated contamination, endosulfan levels were not detectable at the sites R1 to R5 during the first sampling interval, but were very high at Site R6, indicating that this endosulfan input had taken place via one of the tributaries entering the Lourens River between Sites R5 and R6.
Chlorpyrifos was detected following runoff in streams draining orchard growing areas in the Central Valley, California at levels of between 0.04-and 0.52-µg/l (Kuivila and Foe, 1995; Werner et al., 2000) . In the present study, this pesticide was only observed in association with suspended particles, at levels of up to 344 µg/kg, which is in accordance with its relatively low water solubility (Table 1) . Furthermore, the very long time span between the last application of chlorpyrifos in December and the runoff in April may have contributed to the fact that this pesticide was found only in particle-associated form. As a particle-associated pesticide, chlorpyrifos poses a potential hazard to sediment-dwelling organisms. Studies on the toxicity of sediment-associated chlorpyrifos revealed acute effects at levels of approx. 70 µg/kg for the marine copepod Amphiascus tenuiremis (Green et al., 1996) and of approx. 300 µg/kg for the freshwater midge Chironomus tentans (Ankley et al., 1994) . Green et al. (1996) calculated a sediment quality criterion of 38 µg/kg based on equilibrium partitioning theory. Higher azinphos-methyl concentrations than in the present study were found in an estuarine environment receiving agricultural runoff (Scott et al., 1999) and in runoff from a sugar-cane area . The aqueous azinphos-methyl levels measured in the present study are below concentrations acutely toxic to D. magna (Table 1) , but in the same range as the 96-h LC 50 of 0.37 µg/l for the midge Chironomus tentans (Ankley and Collyard, 1995) . It can be expected that the pesticide load detected at Site R6 will affect the estuary of the Lourens River approx. 9 km downstream. For example, the endosulfan levels measured at R6 in suspended sediments (245 µg/kg) are above the concentrations reducing survival and reproduction in meiobenthic polychaetes and copepods (50 to 200 µg/kg) (Chandler and Scott, 1991) . It was reported that azinphos-methyl has been responsible for a large number of fish kills in estuarine areas adjacent to sugar-cane and vegetable crops (Ross et al., 1996) . Levels of total phosphate were already quite high in some of the pre-runoff samples, with maximum values of 0.22 mg/l. However, they were increased during runoff to maximum values of 0.75 mg/l. The subsequent increase of total phosphate in the downstream direction of the Lourens River is evidence for the negative influence of the farming area on the trophic status of the river.
The TSS increased considerably during runoff conditions (Table 4) . Potential effects of increased TSS levels on the fauna are not clear, since many authors found no changes in community structure following short-term increases of TSS (Barton, 1977; Smith and Kaster, 1983) . However, repeated increases in TSS, for instance due to the flushing out of pools in which they may have accumulated or due to recurring runoff events, may result in longterm changes of communities (Taylor and Roff, 1986) . The increase of TSS values during runoff clearly exceeds the target water quality range established by the South African Department of Water Affairs and Forestry, which is an increase of <10% compared to the background TSS level at the specific site (DWAF, 1996) . Monthly measurements of water quality parameters in the lower reaches of the Lourens River undertaken by the Department of Water Affairs and Forestry (DWAF, unpublished data) between 1996 and 1999 revealed PO 4 -P levels between 0.03 and 0.12 mg/l and TSS levels between 9 and 17 mg/l. The total phosphate levels measured at Sites R4 to R6 and the TSS levels measured at R2 to R6 during runoff are considerably higher than these monthly averages, indicating the importance of runoff events for the introduction of nutrients and sediments.
